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THERMAL CYCLIC STABILITY OF CLAD C E R M n S  PREPARED FROM 

TUNGSTEN-COATED URANIUM DIOXIDE PARTICLES (U) 

by P h i l i p  D. Takkunen and Robert J Baker* 

Lewis Research Center  

SUMMARY 

Thermal cyclic induced fuel loss from fueled cermets  composed of uranium dioxide 
(U02) particles dispersed in a tungsten matrix has been one of the major material  prob- 
lems encountered in  a feasibility study of the NASA tungsten, water -moderated nuclear 
rocket concept. In this study, cermet specimens were fabricated by hot isostatic consoli- 
dation of tungsten-coated U 0 2  (nominally W-35-volume-percent U 0 2  containing 18-mole- 
percent cerium oxide (Ce02) or 10-mole-percent yttrium oxide (Y203) in the U 0 2  parti- 
c les  followed by complete encapsulation of the consolidated cermets  with vapor deposited 
tungsten. These specimens were tested under a variety of thermal cycling conditions. 

than 1 weight percent of their  fuel after twenty five 10-minute cycles to 2500' C in 15 o r  
600 psia (0.10 or 4.1 MN/m ) of dry,  flowing hydrogen. Thermal cycling in 600 psia 
(4.1 MN/m ) of hydrogen, however, produced blisters and gross  f ractures  in  some ce r -  
mets;  these phenomena were not observed in any cermets  cycled in 15 psia (0.10 MN/m ) 
of hydrogen. An increase in  either time at temperature per  cycle (60 and 120 min) o r  cy- 
cling temperature (to 2600' C) resulted in increased fuel loss  after a given number of cy- 
cles in  hydrogen at either pressure.  The combined cycling conditions of 2600' C and 

2 600 psia (4.1 MN/m ) of hydrogen caused catastrophic fuel loss and gross fracturing of 
cermets  after only 5 to 15  thermal cycles. 

ditions is indicative of uncontrolled variables in  cermet fabrication. These variables 
must be controlled to ensure the reliable and consistent thermal cyclic fuel retention per-  
formance of fuel elements in a nuclear rocket. 

The resul ts  showed that cermets  containing either Ce02 o r  Y203 in the U02 lost less 

2 
2 

2 

The large degree of fuel loss  scatter observed between specimens at all cycling con- 

* 
Battelle Memorial Institute at the Atomic Energy Commission's Pacific Northwest 
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INTRODUCTION 

A major portion of the previous materials work for the NASA tungsten, water- 
moderated nuclear rocket concept (TWMR, ref. 1) has centered on the fabrication and 
compatibility of cermets  for fuel elements. These cermets ,  which consist of uranium di- 
oxide (U02) particles dispersed in a tungsten matrix, have been demonstrated to lose 
fuel via volatilization at temperatures expected to be reached during rocket operation, 
that is, 2500' C (ref. 2). This fuel loss was shown to be greatly accelerated when cer -  
mets were thermally cycled in flowing hydrogen (refs. 2 to 4) as would be required during 
nuclear rocket preflight tes t s  and operational res ta r t s .  

Volatilization of U 0 2  under static (noncyclic) thermal treatments at 2500' C was ef- 
fectively eliminated by (1) coating each U02  particle with tungsten via vapor deposition 
pr ior  to consolidation into cermets  (ref. 5) and (2) cladding the exterior surfaces of con- 
solidated cermets with tungsten via vapor deposition (ref. 6). Elongation of fuel par t i -  
cles, which occurs in some consolidation processes,  such as hot rolling o r  extrusion, 
may also contribute to fuel loss because the probability of particle interconnection is in- 
creased. Fuel particle elongation was essentially eliminated in this study by utilizing hot 
isostatic compaction as the method of consolidation. This consolidation method causes no 
significant particle elongation and has the added advantage of being capable of consolida- 
ting cermets into complex geometries such as the proposed honeycomb-type fuel element 
configuration discussed in reference 7.  

The problem of fuel loss resulting from thermal cycling has proven to be much more 
complex i n  nature. References 3, 4, and 8 have shown that the most effective method of 
reducing thermal cyclic induced fuel decomposition, migration, and loss is the addition of 
metal oxides to U 0 2  in solid solution. Reference 9 reported that, of 13 metal oxides 
studied, cerium oxide and yttrium oxide were two of the more effective oxides in re- 
ducing fuel loss. 

P r io r  to this investigation, no comprehensive study had been conducted on the be- 
havior during thermal cycling of fully clad (with tungsten) specimens fabricated by hot 
isostatic compaction of tungsten-coated U 0 2  particles which contained metal oxide addi- 
tives. Therefore, it was the purpose of this investigation to study the behavior of speci- 
mens of this type under varying thermal cyclic conditions and to determine if these speci- 
mens could meet a fuel loss  goal of less than 1-weight-percent U 0 2  loss  after 25 thermal 
cycles to 2500' C in a flowing hydrogen atmosphere. Specimens were subjected to ther-  
mal cycling peak temperatures of either 2500' or 2600' C and t imes at temperature per 
cycle from 10 to 120 minutes in  flowing (35 standard cu ft/hr (1.0 m 3 /hr)) dry hydrogen at 
either 15 o r  600 psia (0.10 o r  4.1 MN/m 2 which will hereafter be called "low" or thigh" 

pressure) .  Special emphasis was put on determination of the effects of high-pressure hy- 
drogen testing because this pressure  simulates the expected rocket operating condition and 
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because other work has indicated possible detrimental effects at high pressure  (refs. 9 
and 10). 

A l l  specimens were fabricated with a 35-volume-percent U02 loading since, in the 
fuel loading range of interest  for  the TWMR concept (10 to 35 percent), the highest loading 
was shown to be the most cri t ical  with respect to fuel loss  (ref. 4).  The U02 contained 
either 18-mole-percent cerium oxide (Ce02) or  10-mole-percent yttrium oxide (Y203). 
Specimens were characterized before and after thermal cycling by metallography, radi-  
ography, visual observation, weight loss,  and dimensional growth. The resul ts  of these 
observations are reported and discussed in this paper. 

EXPERIMENTAL PROC EDU RES 

Spec i men Preparation 

Specimens tested in this study were fabricated as illustrated in the process flow dia- 

(1) Solid solution and spherical fuel particle preparation; 
(2) Tungsten coating of the particles by vapor deposition; 
(3) Consolidation of the particles into plates by hot isostatic compaction; and 
(4) Tungsten vapor deposition cladding of the cermet surfaces.  

gram of figure l incorporating the following major steps:  

The spherical particles which were prepared by a coprecipitation and agglomeration 
process  contained nominally 18 mole percent of Ce02 and 10 mole percent of Y203 in  the 
U02. (See table I fo r  chemical and physical analyses.) These concentration levels were 
chosen to permit  comparisons of the effectiveness of additives at equivalent oxide cation 
to  uranium atom rat ios  (i. e . ,  for  18-mole-percent Ce02 and 10-mole-percent Y203 in  
U02,  Ce/U 
viously been shown (refs. 8 and 9) to adequately stabilize W-U02 cermets  without unduly 
increasing the ceramic content of the cermets.  (See ref. 11 for the effect of ceramic 
content on the strength of W-U02 cermets.)  

X-ray diffraction patterns indicated that only fluorite (FCC) crystal  s t ructures  were 
present in  the particles containing either additive. (See table I fo r  lattice parameters .  ) 
Metallographic analysis, however, revealed a ceramic-appearing second phase (fig. 2(a)) 
in some of the U 0 2  particles containing Ce02. This second phase is believed to be Ce02 
which did not go into solid solution. This phase was only rarely observed after hot iso- 
static consolidation o r  thermal cycling of cermets and was  not observed to have any 
effect upon the behavior of cermets  in this study. Other than this phase, all the photo- 
micrographs in  figure 2 are typical of cermets  containing either Y203 or Ce02. Close 
examination of the particle microstructures also revealed a very small  metallic - 

Y/U G 0.22). In addition, these additive concentration levels had pre-  
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appearing phase which is thought to be tungsten (as will  be discussed later). 
Af te r  the particles were classified, they were coated with tungsten to achieve the de- 

s i red 35-volume-percent U02 loading. (See table I for analyzed U 0 2  loading.) The coat- 
ing process consisted of first vapor depositing a very thin layer (about 2 to 3 pm) by hy- 
drogen reduction of WC16 and then vapor depositing the remainder of the coating thickness 
by hydrogen reduction of WF6. The initial WC16-produced coating was used in an effort to 
reduce fluoride contamination which may have a detrimental effect on the thermal cyclic 
behavior of cermets  (ref. 5). The impurity levels of fluorine and several  other elements 
in  the particles before and after they were tungsten coated are listed in  table I. In addi- 
tion, table I gives the densities of the particles before and after coating. 

The coated particles were packed in  a molybdenum can and isostatically consolidated 
at 30 000 psi (200 MN/m ) and 1650' C for 2 hours using the procedures reported in ref- 
erences 7 and 12. The microstructure of a consolidated cermet (fig. 2(b)) i l lustrates the 
degree of particle sphericity maintained and the high cermet  density achieved. According 
to water immersion density tests (table I), the cermet  density was over 98 percent of theo- 
retical. The molybdenum cans then were leached away from the W-U02 cermet plates, 
and the plates were cut to specimen s ize  (1 by 1 by 0.020 in. (2.5 by 2.5 by 0.05 cm)) 
with a water-cooled cutoff wheel. The microstructure of a specimen (fig. 2(c)) i l lustrates 
the typically jagged cermet  surfaces  resulting from leaching surface U 0 2  particles. 

The final step in the fabrication process was vapor deposition of tungsten onto cermet 
surfaces by hydrogen reduction of WC16. The cermets  were completely encapsulated with 
a 25 to 50 p m  thick layer of tungsten utilizing procedures reported in reference 6.  A 
typical microstructure (fig. 2(d)) shows notches and cavities in the cladding which r e -  
sulted from the vapor deposited tungsten following the contours of the jagged substrate 
(fig. 2(c)) left from the leaching process.  

2 

Test Procedures 

Two furnaces were utilized in this study to enable testing at both 15 and 600 psia 
(0.10 and 4 .1  MN/m ). All of the high-pressure tes t s  and some of the low-pressure 
tests were accomplished at the Pacific Northwest Laboratory, Battelle Memorial Institute 
(BNW), under contract to NASA. These tests were conducted in an all-metal furnace 
which employed a tungsten mesh resistance heating element (ref. 10). Most of the low- 
pressure studies were done at the Lewis Research Center, NASA, in a zirconium oxide 
( Z r 0 2 )  insulated, induction-heated furnace which is described in reference 13. Table II 
gives a detailed comparison of the operating characterist ics of the furnaces. Because of 
the similar operating characterist ics and the s imilar  behavior of cermets  cycled in either 
furnace at low pressure,  data from both furnaces are used interchangeably throughout this 
report .  

2 
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After thermal cycling, the specimens were characterized by measuring fuel loss  
(weight loss as a percent of the original U02 content), by measuring the growth in speci- 
men thickness , and by examining the specimens metallographically, radiographically, 
and visually. 

R ES U LTS 

Effect of Cermet Quality on Fuel  Loss 

Defects originating in  cermets  during fabrication appeared to have a considerable ef - 
fect on cermet  behavior during thermal cycling. This behavior is illustrated (fig. 3) by 
the scat ter  in fuel loss  data from similar  cermets cycled to 2500' C in  low-pressure hy- 
drogen. Scatter in fuel loss  data was observed for cermets  at each set of cycling condi- 
tions used and, i n  general, appeared more pronounced in  cermets  cycled in  high-pressure 
hydrogen. 

mets.  A qualitative examination of specimens prepared for metallography revealed that 
those specimens which exhibited the greatest degree of fuel retention also exhibited the 
least number of cladding notches and cavities. The effects of other fabrication variables, 
such as impurity contents and variations in  cladding quality and thickness, were not quan- 
titatively determined. Unfortunately, elimination of specimens with cladding defects was 
not possible prior to testing because adequate nondestructive testing methods were not 
available. 

scat ter  in data, only the "best" curves (lowest rate of fuel loss) achieved thus far are 
presented in  this report. While comparisons based on these curves a r e  tentative, the 
curves i l lustrate the potential of these cermets  for  retaining fuel under the varying cy- 
cling conditions studied. If all fabrication defects were eliminated, fuel retention proper- 
ties could conceivably be increased over those reported in this paper since the best spec- 
imens studied also had observable defects. In addition to the fuel loss  curves, pertinent 
metallographic , radiographic , and visual observations on specimens tested are presented 
in  order  to aid in  understanding the fuel loss curves. The presentation of these observa- 
tions is not confined to the best  specimens. 

The presence of flaws in  the cladding was found to correlate with fuel loss from cer -  

Because of the limited number of specimens available for testing and because of the 

Effect of Hydrogen Pressure 

The effect of increasing hydrogen pressure on fuel loss  is shown in figure 4. Neither 
the hydrogen pressure  nor the type of additive (Ce02 or  Y203) i n  the cermets  had any 

5 



Effect of Time at Temperature per Cycle 

Figures 7(a) and (b) show the effect of variations in  the t ime at temperature (250OOC) 
per  cycle on fuel loss in hydrogen at low and high pressure ,  respectively. The fuel-loss 
curves indicate that at either pressure ,  and with either additive, increasing the time at 
temperature per cycle from 10 to 60 minutes resulted in a decreasing number of cycles 
before an equal amount of fuel w a s  lost. We observed, however, that fuel migration was 
more extensive in cermets  cycled in high than in low pressure.  Increasing the time per  
cycle still further from 60 to 120 minutes in the low-pressure tests (this test w a s  not run 
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significant effect 
1 percent of loss  

on fuel loss  through 50 cycles to 2500' C. The reactor goal of less than 
after 25 cycles was attained at either hydrogen pressure.  

Figure 5 i l lustrates the microstructures of cermets  (whose fuel loss curves are 
shown i n  fig. 4) after 50 thermal cycles. While fuel migration along grain boundaries 
was minor in those cermets  cycled in low-pressure hydrogen and the cermet containing 
Ce02 cycled in  high-pressure hydrogen, a considerable degree of fuel migration was ob- 
served in  the Y203 containing cermet cycled in high-pressure hydrogen. The resulting 
increased interconnection of fuel particles would be expected to result  in much greater 
fuel loss should the cladding rupture. Note also the internal porosity which developed in 
the tungsten matrix of all these specimens during thermal cycling. The causes and im- 
plications of this porosity will be discussed later. 

Effect of Peak Cycl ing Temperature 

Comparing figure 4 with figure 6 shows that increasing the cycling temperature from 
2500' to 2600' C resulted in increased fuel loss from cermets  cycled at  either hydrogen 
pressure.  For cermets  containing either additive, the high-pressure tes ts  at 2600' C 
resulted in rapidly accelerating fuel loss  after a lower number of thermal cycles than did 
the low-pressure tests. The accelerated fuel loss  at high pressure  was accompanied by 
increased fuel migration and by internal cracking, gross  fracturing, and deterioration of 
the cermets.  

cycled to 2600' C in low-pressure hydrogen than was Y203,  but this effectiveness was r e -  
versed i n  high-pressure testing. Since all of these specimens exhibited some cladding de- 
fects, the relative effectiveness of the Ce02 and the Y203  additives may have been ob- 
scured. Further work should be done on defect-free or  controlled-defect specimens in 
order  to determine which additive is more effective in reducing fuel loss.  

Figure 6 indicates that Ce02 was  more effective in reducing fuel loss  from cermets  



at high pressure) resulted in very little change in the fuel-loss curves from 60-minute 
cycles. Cermets  containing Ce02 exhibited greater fuel retention and l e s s  fuel migration 
than cermets  containing Y203  for  cycles longer than 10 minutes in either low- o r  high- 
pressure  hydrogen. Table III summarizes the fuel loss  curves by listing the number of 
cycles and the accumulated time at temperature resulting in 2 -weight-percent fuel loss  
f rom cermets  for each of the t imes at 2500' C per cycle tested. The accumulated time at 
temperature resulting in 2-weight-percent fuel loss was found to increase with increasing 
time at temperature per  cycle for cermets  cycled in low-pressure hydrogen. On the other 
hand, no change in the accumulated time at temperature with increased time a t  tempera- 
ture  pe r  cycle was observed in cermets  cycled in high-pressure hydrogen. It should be 
emphasized that all the resul ts  given in this table represent only a few specimens and, 
therefore, should be interpreted qualitatively. The value of such a table, however, is 
readily apparent when considering a rocket mission and predicting fuel element life. 

Dimensional Growth 

Linear dimensional growth of W-U02 cermets containing Ce02 and Y203 during ther- 
mal  cycling has been observed previously on plate-type specimens (ref. 9). Measure- 
ments of the growth in thickness of the plate specimens tested in  this study are plotted in  
figure 8. While some scat ter  in measurements was found, the rate of thickness growth 
was calculated to be approximately 0.1 percent per cycle irrespective of the cycling con- 
ditions used or the type of additive in the U02.  This growth ra te  was l e s s  than half that 
previously reported fo r  specimens with the same composition but fabricated by powder 
metallurgical techniques and employing very thick (0.2 in. (0.5 cm)) tungsten edge clad- 
dings (ref. 9). It is hypothesizes that the thick cladding constrained growth in all but the 
thickness direction in the previously tested specimens and therefore increased the rate of 
growth in thickness. Further work should be done, however, to determine reasons for 
the difference in growth rates. 

Fracturing and Blistering 

Numerous fractures  and blisters were found in those cermets  cycled in high- 
p re s su re  hydrogen. A summary of the frequency of these is shown in table IV. None of 
these faults were found in cermets  cycled in  low-pressure hydrogen. An increase in 
t ime at temperature per  cycle and, to a greater  extent, an increase in cycling tempera- 
t u re  in  high-pressure hydrogen resulted in  an increasing frequency of specimens exhibit- 
ing fractures .  These cyclcing conditions, however, had no effect on the frequency of 
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specimens exhibiting blisters.  Possible reasons for cermet fracturing the blistering 
a r e  discussed later in  this report. 

Typical illustrations of internal cracking and surface fracturing in cermets  are shown 
in figure 9.  Internal cracking was observed in some cermets  exhibiting relatively exten- 
sive fuel migration, but relatively low fuel loss (figs. 9(a) and (b)). Surface fractures  be- 
came apparent (fig. g ( ~ ) )  concomitant with extensive fuel migration and accelerated fuel 
loss. 

Macrographs of cermets  exhibiting blisters, which were generally located near  the 
cermet  edges, are shown in figures lO(a) and (b). In contrast to fractures,  bl is ters  ap- 
peared in cermets  before the fuel loss began to rapidly accelerate and before extensive 
fuel migration had occurred. Bl is ters  were observed both within the cermet core  (fig. 
lO(a)) and at the cermet-cladding interface (fig. lO(b)). An interesting observation to be 
made in  figure 10 is the nearly continuous layer of fuel along the internal surface of each 
blister.  It is believed that this layer is composed of exposed fuel particles and of fuel 
transported, via the vapor phase, to these internal surfaces.  No fuel was  observed to be 
lost from the bl is ters  during thermal cycling unless the blister w a s  broken during hand- 
ling. 

DISCUSS ION 

Characterization of Fuel Migration and Loss 

The mechanisms of fuel loss  and of U 0 2  stabilization by metal oxides to reduce fuel 
loss  upon thermal cycling are discussed in  detail in  references 8 and 9. Briefly, fuel de- 
terioration was hypothesized to result  from decomposition of the U02 into a substoichio- 
metr ic  state which, upon cooling, disproportionates to give f ree  uranium. The uranium 
(or a uranium-rich species) is then free to migrate throughout the tungsten matrix until 
it is exposed to the atmosphere and volatilized. 

are exhibited in figure 11. Figure ll(a), which shows a microstructure typical of initial 
fuel migration, i l lustrates fuel "nubs" which project out from the originally spherical 
fuel particles. In addition, some of the tungsten matrix microvoids, which developed in 
all the cermets during thermal cycling, a r e  observed to contain some migrated fuel. 

Figure ll(b) i l lustrates a cermet  in  which more extensive fuel migration had 
occurred than in  the cermet shown in  figure ll(a). Migrated fuel between fuel particles 
and from the particles through the cladding to the external surface of the cermet  can be 
observed along tungsten grain boundaries in  figure l l(b) . This interconnection of par t i -  
c les  and development of channels through a cladding by fuel migration is believed to be 

Typical examples of fuel migration along grain boundaries in coated-particle cermets  
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one of the major factors leading to rapid fuel loss. It is also interesting to note the 
spherical appearance of the migrated fuel in  the grain boundaries of the tungsten matrix 
and cladding. This phenomenon may be due to spherical voids in the cermet  which are 
filled with migrated fuel o r  to solidification of a molten, migrating specie. 

Addition of metal oxides, such as Ce02 and Y203, in solid solution with U02  de- 
c reases  the rate of fuel decomposition and, thus, fuel migration and fuel loss (ref. 9). 
Although these additives delayed fuel migration in  specimens tested in this study, they did 
not eliminate it. The ser ra ted  surfaces of fuel particles exhibited in figure l l (c)  are be- 
lieved to represent a r eas  where fuel decomposition had occurred and from which fuel had 
migrated. 

Fuel microporosity and a small  amount of metallic appearing phase (identified as 
tungsten by electron microprobe analysis) were observed in  the interior of fuel particles 
(fig. ll(d)) after thermal cycling. This phenomenon w a s  randomly observed in cycled 
cermets  and could not be related to a particular cycling condition. The fuel microporosity 
is believed to originate from the original porosity found in the coated particles (fig. 2(a)). 
After hot isostatic consolidation, the porosity apparently became too fine to be detected at 
ordinary magnifications (fig. 2(b)). These pores a r e  believed to have coalesced in the 
center of some fuel particles during thermal cycling. The tungsten observed in the fuel 
particles is believed to have been deposited in the pores of particles during vapor deposi- 
tion cladding of the particles (fig. 2(a)). Further work should be done to determine the 
mechanisms and implications of this phenomenon. 
porosity formation may provide a means of accommodating fission gas products from a 
nuclear reaction. 

For example, control of fuel particle 

Effect of Specimen Defects 

Defects i n  specimens resulting directly and/or indirectly from fabrication a r e  be- 
lieved to have an important effect on their thermal cyclic behavior. The major defects 
observed were (1) microvoids in  the tungsten matrix (fig. 5) which were generated during 
thermal cycling and (2) notches, cavities, and voids present in the "as-fabricated'' cermet 
claddings (fig. 2). Other defects such as impurities at the cermet-cladding interface o r  
i n  the cermet  cladding may have also affected the behavior of specimens during thermal 
cycling. 

Microvoids were formed in the matrix of the cermet core  after only a few thermal 
cycles regardless  of cycling conditions (figs. 5,  9, and 10). These microvoids are be- 
lieved to resul t  from the presence of fluorine impurity in the particle coatings which 
fo rms  a volatile tungsten oxyfluoride specie at elevated temperatures (ref. 5) .  Coales- 
cence of these microvoids along the tungsten grain boundaries in combination with fuel 
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migration into the grain boundaries (fig. ll(a)) is believed to be partially responsible for 
the internal cracking and the fracturing observed in cermets  (fig. 9). 

The notches, cavities, and voids observed in the claddings on cermets  (figs. 2(d), 
5, and 9) were formed during the vapor deposition process as discussed previously. Be- 
cause tungsten (with which all particles were coated) is relatively insensitive to the leach- 
ing acid solution, one would not expect the surface fuel particles to have been attacked by 
the acid. This attack is believed to result from the formation of a tungsten-molybdenum 
alloy a t  the cermet-molybdenum interface during consolidation. This alloy is not as in- 
sensitive as  tungsten to the acid solution. Evidence of alloying is presented in figure 12 
where an  area of little o r  no-alloying (fig. 12(a)) is contrasted to an a rea  in which molyb- 
denum appears to  contact the surface of fuel particles (fig. 12(b)). In addition, voids 
were found in  the molybdenum indicating a Kirkendahl-type alloying. Electron micro- 
probe analysis of a similar a r ea  (fig. 12(b)) indicated that an alloy was formed between 
the tungsten coating on the U 0 2  particles and the molybdenum. 

The acid attack on cermets  was observed to be particularly severe in a zone along 
the edges of each specimen which had been exposed to acid for the longest period of time. 
This edge attack is illustrated by a radiograph (fig. 12(c)) which delineates an a rea  of de- 
creased specimen thickness along the specimen edges. A s  will  be discussed la ter ,  this 
attack is believed to contribute to fracturing and to blistering of specimens. For exam- 
ple, it was found that the majority of fractures and bl is ters  were located near the speci- 
men edges (figs. 9 and 10). 

associated with increased fuel loss  from cermets.  Several reasons for  this adverse ef- 
fect on the fuel retention properties of cermets  may be hypothesized. First, the pres-  
ence of notches or  cavities decreases the distance (and thus time) through which fuel must 
migrate in order to reach the external surface and volatilize. Second, since cermet 
thickness growth was  observed, the cladding was put into tension, and thus the notches 
could act  a s  s t r e s s  concentrators. These stress concentrations would tend to increase 
the depth and the width of the notches at temperature via plastic deformation and thus 
facilitate fuel loss. Third, as  is discussed in  the appendix, the very rapid heating ra te  
during cycling could cause a considerable transient hydrogen pressure  buildup to occur in 
the cladding cavities provided that the cavity is completely or  nearly completely enclosed. 
This increased pressure  could tend to rupture the cladding and to expose fuel to the ex- 
ternal atmosphere. 

A s  mentioned previously, notches and cavities in  the tungsten cladding appeared to be 

Effects of Cyc l ing  Condi t ions 

Hydrogen pressure.  - High hydrogen pressure  had several  effects on the thermal 
cylic behavior of cermets .  It was observed that, in general, the onset of rapidly accel- 
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erating fuel loss  occurred af ter  a lower number of cycles and that the rate of accelerated 
loss  was greater in  high- than in low-pressure hydrogen. (See figs. 6 and 7;  the onset of 
accelerated loss  did not occur up to 50 cycles i n  those specimens illustrated in fig. 4 . )  
One explanation for  this effect is that a greater degree of fuel migration and fuel particle 
interconnection resulted from an equal number of thermal cycles in high-pressure than in 
low-pressure hydrogen (fig. 5). Thus, i n  the event of a cladding flaw, more fuel would be 
expected to volatilize from the defect a r e a  because more particles a r e  interconnected. 
The more extensive migration in  the high-pressure hydrogen environment is believed to 
result  from more extensive reduction of U02 to free uranium which, in turn, determines 
the degree of fuel migration (ref. 9). 

The relative extent of fuel migration does not, however, explain another effect of 
high-pressure cycling on cermets ,  that is, the formation of f ractures  and blisters.  For 
example, even though considerable migration was found in some cermets  cycled in low 
pressure,  f ractures  and blisters were not observed. One possible explanation for this be- 
havior is a transient pressure which depends upon the permeation of hydrogen into cavi- 
t i es  and voids in the cermet and upon the rapid heating of this hydrogen during each ther- 
mal  cycle. This transient pressure  effect is described in detail in the appendix. It is 
proposed that the mechanism which causes this phenomenon consists of (1) formation of a 
cavity or  a void in  the cermet  and (2) propagation of bl is ters  o r  f ractures  f rom this cavity 
o r  void by pressure  surges. Blisters a r e  believed to result  from plastic yielding of tung- 
sten before fuel migration and cermet embrittlement occur while f ractures  result  after 
the tungsten is embrittled because of fuel migration. If this hypothesis is correct,  cer -  
met bl is ters  and fractures  could be reduced by reducing the sources of cavities and voids. 
These sources  include the fabrication defects previously discussed as well as fuel migra- 
tion and volatilization. 

Future work needs to be done to define the causes and to find the cures  for fracturing 
and blistering of cermets  thermally cycled in a high-pressure hydrogen environment. 
Other mechanisms, such as (1) thermal expansion differences between tungsten and the 
migrated fuel and (2) formation of gases from impurities which exert  high internal pres -  
su res  (e. g. , CH4, UF4) may also contribute to cermet blistering and fracturing. Such 
future work should emphasize quality control during fabrication to minimize cladding and 
cermet  defects and impurities. 

Peak cycling temperature and time at temperature per cycle in  high-pressure hydro- 
- gen. - A s  mentioned previously, increasing the thermal cycling temperature from 2500' 
to 2600' C resulted in increased fuel migration and loss.  (Compare fig. 4 with fig. 6.) 
This increase is in agreement with the resul ts  of other studies on s imilar  specimens 
(produced from uncoated particles) reported in  reference 9. The high-pressure hydrogen 
environment not only caused increased fuel migration in cermets  cycled to 2600' C ,  but it 
resulted in  a high percentage of fractured specimens. These fractures ,  which resulted in 
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catastrophic fuel loss, a r e  believed to be due to extensive fuel migration which embrittled 
the tungsten matrix. These observations indicate that reactor temperature excursions o r  
fuel element hot spots, which cause fuel elements to heat to temperatures approaching 
2600' C in high-pressure hydrogen, may have a disastrous effect on reactor lifetime and 
performance. 

Cermets cycled to 2500' C for  1 hour per  cycle exhibited more fuel migration and 
loss per  cycle than cermets  cycled to 2500' C for 10-minute cycles,  The frequency of 
specimens which fractured during 1-hour cycles to 2500' C was higher than for 10-minute 
cycles to 2500' C but lower than for 10-minute cycles to 2600' C (in high-pressure hy- 
drogen). The relative frequency of fractures was found to correspond with the relative 
extent of fuel migration and, therefore, the extent of tungsten embrittlement. The rela- 
tive frequency of blistered specimens, on the  other hand, would not be expected to be 
higher on specimens cycled under conditions which increase the rate of fuel migration be- 
cause blisters are believed to form before the tungsten is embrittled. This  expectation 
was realized as may be seen in table IV,  which i l lustrates that the frequency of blistered 
specimens w a s  not significantly changed as either peak cycling temperature or  t ime at 
temperature per  cycle was  increased. 

CONCLUDING REMARKS 

The fuel-retention capability of cermets  containing 18 -mole -percent Ce02 in U 0 2  ap- 
peared to be superior to that of cermets  containing 10-mole-percent of Y203  in U 0 2  (at 
equal metal oxide cation to uranium ratios) for the majority of thermal cycling conditions 
studied. However, scatter in fuel loss data due to fabrication defects overshadowed the 
differences between the additives and makes any conclusions on the relative effectiveness 
of the additives somewhat questionable. The large degree of scat ter  in fuel loss  data ob- 
served between specimens at all thermal cycling conditions is indicative of uncontrolled 
variables in specimen fabrication. These variables must be controlled in order  to ensure 
reliable and consistant thermal cyclic fuel retention performance of fuel elements in  a nu- 
clear rocket. 

SUMMARY OF RESULTS 

Cermet specimens were fabricated by hot isostatic compaction of tungsten-coated 
U 0 2  particles (nominally W - 35-volume-percent U 0 2  containing 18-mole-percent Ce02 
or  10-mole-percent Y203 in the U02) followed by complete encapsulation of the consoli- 
dated cermets with vapor deposited tungsten. These specimens exhibited the following 
properties upon thermal cycling in dry,  flowing hydrogen: 
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1. Specimens containing either Ce02 o r  Y203  in the U02 were capable of meeting the 
fuel retention goal of less than 1 percent of fuel loss after twenty-five 10-minute cycles to 
2500' C in either 15 o r  600 psia (0.10 o r  4 . 1  MN/m ) of hydrogen. 

cycles when either the peak cycling temperature or time at temperature per  cycle were 
increased from those conditions previously indicated. 

3. Thermal cycling in  600 psia (4 .1 MN/m ) of hydrogen had, in general, more 
severe effects on the specimens than did testing in 15 psia (0.10 MN/m ) of hydrogen. In 
particular, blistering and/or gross  fracturing and more extensive fuel migration of some 
specimens were observed after high-pressure testing. A significantly higher frequency of 
fractured specimens was observed when specimens were cycled to 2600' C in 600 psia 
(4.1 MN/m ) of hydrogen than for any other set of test conditions used in this study. 

2 

2 .  Fuel loss  from specimens began to accelerate after a lower number of thermal 

2 
2 

2 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, April 13, 1967, 
122-28-01-01-22. 
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APPENDIX - TRANSIENT PRESSURE EFFECT 

A proposed explanation for the occurrence of f ractures  and bl is ters  as well as the 
higher rate of fuel loss  (once fuel loss  begins to accelerate in high-pressure hydrogen) is 
that of a transient internal pressure resulting from the presence of hydrogen in specimen 
voids (not connected to the external surface) and cavities (connected to the external sur -  
face by an extremely fine channel). A s  mentioned previously, voids and cavities in the 
cladding on a cermet  were formed during fabrication (fig. 2(d)) while matrix microvoids 
were formed in the ccrmet during thermal cycling (figs. 7 ,  9 ,  and 10). In addition, cer -  
met cavities were formed by fuel migration through the cladding (fig. 1103)) and subse- 
quent volatilization of fuel particles exposed to the atmosphere. It is proposed that hydro- 
gen entered cavities through their channels to the external surface and permeated through 
tungsten into voids as a monatomic specie. The permeation of hydrogen through tungsten 
has been shown to be significant at 2500' C and to increase with an increased hydrogen 
pressure  differential and with increased temperature and time at temperature (ref. 14). 
In addition, monatomic hydrogen may enter voids during cooling because of dissolution of 
hydrogen from tungsten. (See refs. 14 and 15 for solubility of hydrogen in tungsten.) 
Essentially all the monatomic hydrogen in the voids would be expected to form molecular 
hydrogen during cooling (ref. 15). 

Once hydrogen is present in a cavity o r  void, rapid heating (from 25' to 2500' C) 
will increase its pressure  approximately nine t imes assuming no hydrogen escapes. 
Assuming that the pressure in  the voids and cavities was equal to the external pressure  
before heating began, heating would cause a substantial p ressure  differential with the 
constantly regulated external pressure employed in  this study. For example, if the ex- 
ternal pressure was 15 or  600 psia (0.10 o r  4 . 1  MN/m ), the internal pressure  could in- 
c rease  to a maximum of 135 or 5400 psia (0.92 or 37.2  MN/m ) and result  in a maximum 
net pressure differential of 120 or 4800 psia (0.82 or  33.1  MN/m ),  respectively. It is 

2 estimated that the strength of the tungsten matrix is about 2000 psia (13.8 MN/m ) based 
on data for  similarly fabricated cermet  specimens (ref. 11). Thus, it may be seen that 
the 600 psia (4.1 MN/m ) external pressure,  but not the 15 psia (0.10 MN/m ) pressure  
could potentially f racture  the specimen. 

Admittedly, the maximum pressure  differential calculated will not be achieved be- 
cause of escape of hydrogen gas from cavities and voids during heating. Hydrogen gas 
would be expected to expand and to escape f rom a cavity during heating at a rate depending 
upon the size of the cavity opening and upon the heating rate. Unless this opening was ex- 
tremely fine (submicron), no pressure  buildup in the cavity would be expected. On the 
other hand, the rate of escape of hydrogen gas f rom internal voids by permeation through 
tungsten is expected to remain very low until the temperature is sufficiently increased. 
For example, very limited permeation of hydrogen through tungsten was observed below 

2 
3 

2 

2 2 

14 



J? 

1500' C (ref. 14). Thus, the hydrogen pressure in  voids would be expected to increase 
at least six t imes during heating (since the absolute temperature has increased six t imes 
at 1500' C) before a significant amount of hydrogen escapes. In summary, the maximum 
pressure in  either cavities o r  voids (nine-fold at 2500' C) would not be reached, and the 
pressure  achieved would be transient as the internal and external pressures  equalize at 
high temperature. 

The assumption that the internal and external pressures  are equal at ambient temper- 
a tures  after the specimen has experienced thermal cycling is also somewhat questionable. 
The pressure  in cavities may be equal to the external pressure  because of the channels 
to the atmosphere. The internal pressure in voids, however, would depend upon the net 
permeation of hydrogen into voids which is dependent upon the extent of dissociation, 
diffusion, solution, and dissolution of hydrogen in tungsten during a given thermal cycle. 
It may be calculated that any internal hydrogen pressure greater than 67 psia (0.46 
MN/m ) at ambient temperature will result  in a pressure greater than a 600 psia 
(4.1 MN/m ) external pressure  upon rapid heating to 2500' C provided hydrogen is not 
10s t during heating. 

increasing fuel loss  is not quantitatively known, it is believed that the following factors 
would increase this effect: (1) a higher external pressure,  (2) a higher cycling tempera- 
ture,  (3) an increased number and volume of cavities and voids resulting from fabrica- 
tion, (4) an increased number and volume of microvoids generated in  the tungsten matrix 
of the cermet  during thermal cycling, (5) increased fuel migration which resul ts  in  more 
and larger  cavities where fuel is volatilized, and (6) a decreased cavity opening s ize  to 
the atmosphere which would reduce the rate of hydrogen loss.  

' 

2 
2 

While the extent of a transient pressure  effect on deteriorating specimens and thereby 
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TABLE I. - ANALYSIS OF U02 PARTICLES BEFORE AND AFTER COATING 

WITH VAPOR DEPOSITED TUNGSTEN 

Property 

kfole percent of additive in U02 
Lattice constant of FCC s t ruc ture ,  A 
lolume percent of U 0 2  in W 
lolume percent of ceramic in W 
?ercent of theoretical densities of 

particles 

consolidated par t ic les  
?ercent of theoretical densities of 

~ ~~ 

Element for  t race  analysis 

A1 
B 
Be 
C 
c lb 
c o  
C r  
c u  
F 
Fe 
Mg 
Mn 
Mo 
N 
Ni 
P b  
S 
Si  
Sn 
T i  
V 
zr 

U02 - 10-mole-percent 
Y 0 part ic les  2 3  

Jncoated 

10 .0  
‘(5.462) 
------- 
------- 
99.7 

------- 

80 
<5 

<10 
28 

<10 
<5 

<10 
<6 

<10 
<20 
<10 
<10 
100 
<10 
<10 

25 
<10 
<2 5 

<2 
<5 
<5 
40 

Tungsten coatec 

(99.4) 

UO - 18-mole-percent 
Ce02 par t ic les  

2 

Uncoated 

Concentration, ppm 

<2 5 
<2 5 
<25 

12 (<1) 
15 (17) 

<2 5 
<2 5 
<2 5 

56 (107) 
35 

<2 5 
<2 5 
<2 5 
<10 (22) 
<2 5 
------ 

14 (2) 
<50 
<2 5 
<2 5 
<25 

25 

100 
<5 

<10 
60 

<10 
<5 
10 
<6 
16 

<20 
<10 
<10 
<10 

15  
<10 

2 
<10 
<50 

2 
<10 

10 
100 

lbngsten coated 

------ 
------ 
34.5 
42.6 

(98.3) 

(98. 5) 

40 
<2 5 
<25 
<lo  (4) 

<2 5 
<2 5 
<2 5 

18 (43) 

43 (80) 
50 

<2 5 
<2 5 
<2 5 

<2 5 
38 (53) 

------ 
<10 (4) 
<50 
<2 5 
<2 5 
<2 5 
<2 5 

‘Analyses given in parenthesis were obtained f r o m  an  independent laboratory: a l l  o ther  

’C1 analyzed as total halogens other than F. 
analyses were obtained f r o m  mater ia l  vender .  
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Hydrogen 
p res su re  

Time at 
2500' C 

TABLE II. - COMPARISON O F  FURNACE OPERATING CHAMCTERISTICS 

Furnace location Lewis Research Center (NASA) 3attelle Northwest Laboratory 

3 Furnace volume, cu ft (m ) 0.026 (0.74~10-~) 0.31 (8.9x10-~) 

2 Hydrogen p res su re ,  psia (MN/m ) 15 (0.10) 15 (0. 10) 600 (4.1) I 

Hydrogen : 
3 Flow, standard cu ft /hr (m /hr) 

Oxygen impurity, ppm 
Water impurity, ppm 

Tempera ture ,  OC 
Accuracya 
Gradient b 

Heating r a t e  to 2500' C,  OC/sec 

Cooling r a t e ,  C/sec 
2500' to 800' C 
800' to 500' C 
500' to 200' C 

0 

35 (1) 
<10 
<10 

*20 
------ 

32 

37 - 40 
9 - 14 
2 -  6 

35 (1) 
<10 
<10 

*15 
<10 

22 

9 - 12 
3 -  7 
1 -  3 

35 (1) 
<10 
<10 

i15 
<10 

22 

14 
7 
3 

aCalibrated pyrometers  were sighted on blackbody hole. 
bTemperature  gradient ac ross  specimen holder was  insignificant in either furnace based on 

program which varied position of specimens in holder. Absolute temperatures  were  a l so  
determined a t  BNW by checking melting points of pure Mo and Nb inserted in furnace. 

TABLE III. - SUMMARY OF EFFECT O F  TIME AT TEMPERATURE 

PER CYCLE ON FUEL LOSS 

Additive in  U 0 2  Cycling conditions 

18 -mole-percent CeO, 10 -mole -percent Y 2 0 3  
L 

Total t ime 
at temper- 
ature for 
2-weight- 
percent 

loss, 
h r  

Number of 
cycles to 
2-weight- 
percent 

fuel l o s s  

Number of 
cycles to 
2 -weight- 
percent 

fuel loss 

36 
9 
9 

Total t ime 
a t  temper-  
a ture  for 
2 -weight - 
percent 

loss ,  
hr 

6 
9 
18 

102 
2 1  
20 

17 
21 
40 

60 I I 120 

48 
8 

54 
8 

9 
8 

8 
8 60 
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1 

2 5 0 0  6 0  

2 5 0 0  1 2 0  

2 6 0 0  1 0  

6 0 0  4 . 1  2500 1 0  

~ 

2  500 6 0  

I 2 6 0 0  1 0  

TABLE IV. - FREQUENCY O F  FRACTURED AND BLISTERED SPECIMENS 

RESULTING FROM THERMAL CYCLING 

1 1  4 

7 
4 

Cycling conditions 

at 35 standard temperature 
cu ft/hr p e r  cycle,  

( 1 . 0  m3/hr) 1 psia m / m 2  

Total number Specimens Specimens 
of specimens exhibiting exhibiting 

f rac tures ,  b l i s te rs ,  
tested visible visible 

75 2 5  
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Major steps: 

Particle classification: 

98 to 74 percent Mm and from spherical 37 

T 
Chemical and X-ray 
diflraction analysis, 

--(density ) 

Fuel particle 
preparation I 
Fuel particle 
coating 1 

Particle 
consolidation 

: 
Cermet 
cladding 

1 

Vapor deposition of tungsten 
onto U02 particles ( 2  to 3 pm 

Vapor deposition of tungsten (WF6) to 
obtain 35-volume-percent U02 loading 

I '1 
, / . /Chemic'al and \ 

cleaned in  hydrogen 

Particles vibratory packed in  
cans; cleaned in  vacuum and 
hydrogen for 1 h r  each at 
1370" C; cans sealed by electron- 
beam welding and leak tested 

metal Icgraph ic 

at 1650" C and 30 OOO psi 
(200 MN/m21 for 2 hr 

I 

IMo cans leached off with solution of 50 H70: I 
49 HN03; 1 H SO& specimens cleaned with 

radiographic ter; sDecimens cut  to size(1 by 1 by 0.020 in. 
Ppercent  Na6H solution 3nd washed in wa- 

(2 .  5 by 2. 5 by 0.05 cm)), cleaned in alcohol 
l and  then in hydrogen for 2 hr at 170O0 C I 

1 

Figure 1. - Flow char t  of specimen weparation. 
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jrcond 
)base 

(a) Tungsten-coated fuel particles. Unetched; X500. (b) Hot isostatically consolidated particles. Etched; XSOO. 

, (d) Consolidated cermet after leaching and cladding. Etched; Xlw. (c) Consolidated cermet after acid leaching. Etched; X m .  

Figure 2. - Microstructures of tUngSten-UO2 Particles and cermets after the following fabrication steps: particle preparation, cermet consolidation. 
cermet leaching, and cermet cladding. 
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Thermal cycles 

Figure 3. - Scatter in thermal cyclic induced fuel  loss from 
fu l l y  clad tungsten - 35-volume-percent UOp cermets con- 
taining 10-mole-percent Y2O3 in  U02. 10-Minute cycles 
to 2500" C in hydrogen at 15 psia (0.10 MN/m21 and 35 
standard cubic feet per hour  (1.0 m31hr). 

N 

5 ' A d h i v e '  Mole'percdnt Pressure 
I I  

c 

c 0, psia (MN/m2): 1 

10 20 ul 40 M 
Thermal cycles 

Figure 4. - Effect of hydrogen pressure at 2500" C on thermal 
cyclic induced fuel loss from fu l l y  clad tungsten - 35-volume- 
percent U02 cermets containing the  indicated oxide in UOp 
10-Minute cycles to 2500" C in hydrogen at indicated pressure 
and 35 standard cubic feet per hour  (1.0 m3/hr). 
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(a) 10-Mole-percent Y2O3; cycled at 15 psia (0.10 MN/m2) with 3.1- 
weight-percent fuel loss. 

(cl  10-Mole-percent Y2O3; cycled at MxI psia (4. 1 MN/m2) with 1. 4- 
weight-percent fuel loss. 

(b) 18-Mole-percent CeO? cycled at 15 psia (0.10 MN/rn21 with 1.0- 
weight-percent fuel loss. 

(d) 18-Mole-percent CeOp cycled at 600 psia (4. 1 MN/m2) with 2.4- 
weight-percent fuel loss. 

Figure 5. - Microstructures i l lustrating effect of hydrogen pressure on fu l l y  clad tungsten - 35-volume-percent-U02 Cermets Containing YP-3 Or  

Ce02 in UOg. Fifty 10-minute cycles to 2500" C in hydrogen at indicated pressure and 35 standard cubic feet per hour (1.0 rn31hr). Unetched; 

Xloo. 
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i 

0 40 60 80 
Thermal cycles 

Figure 8. - Thermal cyclic induced dimensional growth of f u l l y  clad 
tungsten - 35-volume-percent-UO2 cermets containing 18-mole- 
percent CeO2 of 10-mole-percent Y 8 3  in  U02. Cycled in  hydrogen 
at 35 standard cubic feet per hou r  (1.0 m3/hr) and at indicated pres- 
sure, time, and temperature. 



(a) 18-Mole-percent CeO2; 50 cycles to 2503" C with 5.6-weight-percent 
fuel loss. Unetched; X100. 

(b) 10-Mole-percent Y203 50 cycles to 2500" C with 8.5-weight-percent 
fuel loss. Unetched; X100. 

Macrograph Radiograph 

(c) Ce02; 10 cycles to 2600" C with 57. 0-weight-percent fuel loss; X3. 

Figure 9. -Thermal cyclic induced fracturing of fu l ly  clad tungsten - 35-volume-percent UO2 cermets containing YP3 or CeO2 i n  the U02. 
10-Minute cycles to indicated temperature i n  hydrogen at 600 psia (4.1 M N / d  and 35 standard cubic feet per hour (1.0 m3/hr). 
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Macrograph, X3 

Macrograph, X3 

Micrograph, unetched; X50 

(a) 10-Mole-percent YzO3, 1.4-weight-percent fuel loss. 

Micrograph, unetched; X50 

(bl 18-Mole-percent Ce02; 5.6-weight-percent fuel loss. 

Figure 10. -Thermal cyclic induced blistering of fu l ly  clad tungsten - 35-volume-percent-UO2 cermets containing YzO3Or Ce02 i n  Uop. Fifty 
10-minute Cycles to 2500" C in hydrogen at 600 psia (4.1 MN/m2) and 35 standard cubic feet per hour (1.0 m3/hr). 
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(a) IO-Mole-percent Y 2 0 3  cycled at 600 psia (4.1 MN/rn2) with 1.4- 
weight-percent fuel loss. Etched. 

(c) 18-Mole-percent CeO? cycled at 600 psia (4. 1 MN/m2) with 5.6- 
weight-percent fue l  loss. Unetched. 

(b) IO-Mole-percent Y f l ~  cycled at 15 psia (0.10 MN/rn2) with 17.9- 
weight-percent fuel loss. Unetched. 

ldl 10-Mole-percent Y2O3; cycled at 600 psia (4.1 MN/m2) with 3.8- 
weight-percent fuel loss. Unetched. 

Figure 11. - Characterization of fuel migration and decomposition of thermally cycled fu l ly  clad tungsten - 35-volume-percent-U02 cermets 
containing Y F 3  or Ce02 in U02. Fifty 10-minute cycles to 2500" C in hydrogen at the indicated pressure and 35 standard cubic feet per 

hou r  (1.0 rn3/hr). 
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(a) Molybdenum-cermet interface with no reaction. Etched; XMO. 

Molybdenum 

? 

(b) Molybdenum interface with plastically deformed particles and W-Mo 
alloying. Etched: X500. 

(c) Radiograph typical of acid leaching effects; X3. 

Figure 12. - Micrographs and radiograph of tungsten-U02 cermets i l lus t ra t ing potential fabrication problems which can effect the behavior of 
cermets dur ing thermal cycling. 
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edge of pbenonena in tbe atmosphere and space. The Administration 
sball p r d e  for tbe widest practicable and appropiate dissemination 
of informdon concerning its activities and ;be resnlts tbereof." 

-NA'ITONAL hRONAUTlcS AND SPACE ACT OF 1958 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS Scientific and technical information considered 
important, complete, and a lasting contribution to existing knowledge. 

TECHNICAL. NOTES: Information less broad in scope but nevertheless of 
importance as a contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: Information receiving limited distribu- 
tion because of pieliminary data, security classification, or other reasons. 

CONTRACXOR REPORTS: Scient& and technical i n f o d o n  genesated 
under a NASA contract or grant and considered an important contribution to 

"ICAL TRANSLATIONS: Information published in a fo&p 
language considered to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information derived from or of value to NASA 
activities. Publications include conference proceedings, monographs, data 
compilations, handbooks, sourcebooks, and special bibliographies. 

" N O L O G Y  UTILIZATION PUBLICATIONS: Information on tech- 
nology used by NASA that may be of particular interest in commercial and other 
non-aerospace applications. Publications include Tech Briefs, Technology 
Utilization Reports and Notes, and Technology Surveys. 

existing howledge. 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


